The etch rates of GaAs and Al,Ga] _xAs (x = 0.09-1) in C2H6/H2 were investigated as a function oftime 0-12 min), gas flow rate (5-25 seem), total pressure (4-30 mTorr), plasma power density (0.56-1.32 W em-2 ), and percentage ofC 2 H 6 in the discharge (1O%-50%). The etch rates are constant with time, and decrease with increasing Al content in the AIGaAs. The maximum etch rates occur at 25% by volume C 2 H., in H2 and increase linearly with increasing power density. Increasing the total pressure at constant gas composition reduces the etch rates by approximately a factor of 2 between 4 and 30 mToH. The etched surfaces have smooth morphologies for C 2 H 6 concentrations less than -40% of the total gas volume. A layer of subsurface dislocations approximately 40 A deep were observed in GaAs by transmission electron microscopy for the highest-power density discharges, while the surfaces for all samples are As-deficient to a depth of 30 A after reactive ion etching. Polymer deposition is not significant for C Z H 6 volumes less than 40% of the total gas volume.
I. INTRODUCTiON
Chlorine-based gas chemistries have been the mainstay of dry etching techniques for III -V semiconductors since their demonstration in the early 1980's.,,2 In many device applications, gases such as Clz, CC1 4 , and SiC1 4 provide perfectly adequate anisotropic etching with reasonably smooth and dean surfaces. [1] [2] [3] [4] [5] The problems with the corrosive nature of chlorine can be minimized by using chlorofluorocarbons such as CC1 2 F 2 (freon-12) which are noncorrosive and nontoxic, and therefore less difficult to handle. I However, there are still several undesirable features of freoll-12 based dry etching of III -V materials including the often significant polymer deposition (even for O 2 additions to the discharge), and sensitivity of the etch rates to the condition of the chamber walls and electrode surface material. The etching of In-based semiconductors in freon-12 usually leads to very rough surface morphologies due to the low volatility of indium chlorides 0 6-8 The etch rates for GaAs are often very high ( -1 /-lm min -]) and therefore are not controllable for applications requiring the removal of relatively small amounts of material «500 A) 0 Lastly, environmental concerns with chlorofluorocarbons affecting the ozone layer in the atmosphere have led to moves to ban their use.
There has been extensive interest in the last few years in the use of methane-or ethane-hydrogen mixtures for reactive ion etching of compound semiconductors. 9 -i2 Smooth controlled etching has been demonstrated for InP, InGaAs, InGaAsP, and GaAs using these gas mixtures, although there has been no detailed study of the surface composition, etch rates, and residual damage in these materials as a function of the discharge parameters. Although the use ofCH 4 1 H2 or C z H(/H 2 has more advantages for the dry etching of In-based materials, it is worth examining more dosely their use for GaAs and AIGaAs mesa structures. In particular, InGaAs or InAs capping layers are being increasingly used on top of GaAs-AlGaAs structures to achieve low contact resistances, and one would prefer a dry etching chemistry that is capable of smooth removal of both In-and Ga-based semiconductors. Moreover the ethane or methane mixtures leave polymeric deposits around the reactor chamber walls which are important sources of active species for the etching, but which are potential sources of contamination if there is switching between gas mixtures depending on whether a Gaor In-based layer is to be removed.
In this paper we report an investigation of the etch rates of GaAs and as a function of etching time, total pressure, plasma power density, gas flow rate, and gas composition for reactive ion etching (RIE) in C 2 H 6 /H 2 o The etched surface morphology was examined by scanning electron microscopy (SEM) and near-surface damage investigated by transmission electron microscopy (TEM). The elemental composition in the top 100 A of the etched samples was obtained from Auger electron spectroscopy (AES) and x-ray photoelectron spectroscopy (XPS) measurements. We have previously reported near-surface hydrogen passivation effects in GaAs and AlGaAs reactively ion etched in C 2 H(/H z as a function of the substrate temperature during the RIE treatment. 13 
iI. EXPERIMENT
The GaAs samples used in this work were semi-insulating, undoped, (100) substrates cut from crystals grown by the liquid-encapsulated Czochralski (LEC) technique. Prior to patterning with photoresist they were etched in 5H2S04:1H202:1H20 for 5 min at 70·C to remove residual polish-induced damage that might affect the etch rate. The AIGaAs layers were grown by organometallic vapor phase epitaxy (OMVPE) on GaAs substrates within a ometry reactor operating at atmospheric pressure. The source chemicals used were trimethylgallium (TMG), trimethylaluminum (TMA), and arsine (AsH 3 ) at a V-III ratio of 30. The layers were grown at 700 °C at a rate of2.2 pm! h -I, and exhibited featureless surface morphologies. The AlAs mole fraction was varied from 0.09 to 1, and the compositions were determined from room-temperature photoluminescence and electron beam electroreftectance measurements. Typically the undoped AIGaAs was n-type with a carrier concentration around 1O!5 cm- 3 . For etch rate measurements the samples were selectively patterned with AZU50J photoresist to give a mask with openings of size 1-50 pm in width. Immediately prior to loading into the RIE chamber the samples were exposed for 3 min to a 50-W O 2 plasma in a barrel reactor and then rinsed in a mixture of ammonium hydroxide and water to descum the mask openings and to strip away the native oxide on both the GaAs and AIGaAs.
All of the samples were etched in a stainless steel, parallel plat.e reactor (Materials Research Corporation Model 51) operating in the RIE mode. The lower, powered electrode was 15 em in diameter and was covered with a quartz cover plate which we found was necessary in order to obtain reproducible etch rates. If the samples were simply laid on the steel electrode we tended to get rough surface morphologies and Fe was found on these surfaces. In all cases, the samples were thermally heat sunk to the cathode with high vacuum grease, and flu oro-optic probe measurements indicated that temperature rises during our longest etch times (12 min) did not exceed 30°C from the ambient temperature. The discharge frequency was 13.56 MHz and the electrode spacing was 7 cm. The system was pumped by mechanical and diffusion pumps to z.:;3x 10-6 Torr before introduction of research grade C 2 H 6 and H2 through electronic mass flow controllers. The GaAs and AIGaAs etch rates were examined for their dependence on total pressure (discharges could be controllably maintained between 4-30 mTorr in our system), plasma power density (0.56-1.32 W cm-2), C z H 6 ratio by volume to H2 in the discharge (0.1-0.5), and gas flow rate (5-25 seem).
After etching, the photoresist on patterned samples was removed by rinsing in acetone and the etched depth was measured by Dektak stylus profilometry. The surface morphology on these samples was examined by SEM, with all micrographs taken at an 80° tilt angle. Unpatterned sections were also prepared for cross-sectional TEM by chemical thinning and ion milling. A JEOL 200CX microscope was used, and all micrographs were taken using multibeam bright-field imaging with seven beams included within the objective aperture. The sample was tilted such that the beam direction was parallel to the [110] zone axis. This reduces any contrast effects at the surface and best allows one to see the surface topography. Weak beam, dark-field images were also taken at the same magnification using g220 (S = g) conditions. Samples for AES were all analyzed under identical conditions, and elemental depth profiling was accomplished by sputtering with 3. region and the chemical bonding of the Ga, As, and Al atoms. All chemical analysis were performed after removal from the RIE chamber. Prior to examination with AES or XPS, the samples were kept in hermetically sealed containers in a dry N2 ambient to avoid oxidation as much as possible. However, we take the view that exposure to the ambient is exactly what will happen during practical device processing steps and analysis of such surfaces is therefore relevant.
III. RESULTS AND DISCUSSION
A. Etch rate dependencies
Based on the original report by Niggebrugge et al. 9 that reproducible, polymer-free RIE of In-based materials is obtained only for relatively small fractions of ethane or methane relative to hydrogen in the discharge, we chose as our standard etching conditions a 2C z H 6 : 18H 2 ratio, total pressure of 4 mTorr, flow rate of20 seem, and a power density of 0.85 W cm-2 (self-bias on the cathode of 430 V). Figure 1 shows the time dependence of etch depth in GaAs and AIGaAs for RIE times up to 12 min. For the AIGaAs there appears to be a delay in the commencement of etching upon ignition oftlle plasma. Since this delay increases for increa.'>-ing Al content in the AIGaAs, this may be related to the need to etch (or sputter) away aluminum oxide on the sample surface before true RIE of the AIGaAs begins. The etched depths for both GaAs and AIGaAs are linear with time, and we observed no significant difference for the depths measured in small features (2-,um-wide lines) relative to more open areas (50 pm on a side triangle) in the mask. The average etch rate of GaAs and Alx Gal _ x As as a function of etch time are shown in Fig. 2 . Our experience with plasma hydrogenation has shown that etching of GaAs and AlGaAs is minimal under the kind of conditions used in these experiments. This implies that the primary reactants responsible for removal of Ga and Al are organic radicals. There has been no direct identification of the etch product, although organometalIics such as trimethylgaHium have been suggested. I t. t2 Whatever the exact etch products, the results in Fig. 2 suggest that the organogamum complex is more easily desorbed than the corresponding organoaluminum species. I t has previously been pointed out that the etch rate of HI -V materials in CH 4 /H 2 decreases with increasing Ga content,9 and our results show that the presence of Al in the material is even more of an impediment to the etch raie. The relative fraction of ethane and hydrogen in the discharge is a critical parameter in determining the etch rate of GaAs and AIGaAs, as shown in Fig. 3 . The etch-rate peaks around 25% of C 2 H 6 by volume in the plasma. This is somewhat different from the result obtained by Matsui et al. 12 who reported maximum etch rates for GaAs around 12% CzH o by volume. Cheung et al. 10 found their maximum etch rates to be at a ratio of 1:5 CH 4 /H 2 for GaAs. We might expect slightly different rates when using C;>Ho/H2 compared to CH4/HZ simply because of the different C-to-H ratios and the different populations of reactive species to be found in the respective discharges. The differences between our results and those of Matsui et al., 12 who had fairly similar etching conditions, might well be due to subtle effects such as the condition of the reactor walls and the masking material used on the samples. It has been previously noted that the reactor walls must be properly conditioned with a polymer coating to ensure reproducible etching because this polymer is a source of active species for the plasma. 14 More- over the type of masking material (photoresist in our case, Si0 2 in the case of Matsui et at.) 12 might also effect the relative populations of plasma species at the sample surface. Finally Niggebrugge et al. 9 have reported a dependence of etch rate of InP in CR/H 2 on the ratio of masked-to-exposed areas on the sample and on the relative spacing of samples from each other. This sensitivity to experimental conditions is an unfortunate fact weB recognized by most people in the dry etching arena, being common to almost an dry etch processes. The increase in etch rate we observe for C 2 H 6 fractions up to 25% is presumably due to an increase in the active species concentration. Above 25% ezH o by volume there appears to be a competition between polymer deposition and etching, and the etch rate decreases with increasing ethane concentration. At high C 2 H 6 concentrations ( > 45%) a brown film could be observed on the photoresist mask, and there was a very heavy polymeric coating around the reactor walls and on the electrodes. Under our conditions the etch rates of GaAs and AIGaAs are independent of the gas flow rates, as shown in Fig. 4 . We estimate the nominal residence times in our reactorto vary from 1.25 to 0.25 s for flow rates between 5 and 25 seem, but even these relatively small values appear to be longer than the surface reaction time for removal of Ga, AI, and As.
The dependence of the average etch rate on the total pressure in the reactor at constant flow rate (20 secm) is shown in Fig. 5 . This appears to be predominantly related to the decrease in the cathode self-bias at higher pressures -430 Vat 4 mTorr and 255 Vat 30 mTorr. It has previously been established that at higher pressures III-V materials will etch faster for increasing pressures up to a maximum value determined by the exact plasma parameters, and then decrease.
•
15 This decrease has been ascribed to increasing polymer deposition. It is logical that at higher self-biases the more energetic ion bombardment win be more effective at removing the polymer by sputtering, and under our condi-400:- 
... , Hens this appears to be the most significant factor in determining the etch rate as a function of total pressure. Figure 6 shows the dependence on plasma power density of the etch rates of GaAs and AIGaAs. There is an essentially linear increase with increasing power density. This is consistent with previous observations for a variety of both Ga-and In-based semiconductors.
-
13 The rate of increase in etch rate is greater for GaAs than for AIGaAs as shown by the slope of the lines in Fig. 6 and with an increasing AlAs mole fraction these slopes are further reduced. The self-bias on the cathode increased from 220 V at a power density of 0.56 W em -2 to 610 Vat 1.3 W cm-' 2. Measurable etch rates were obtained only for power densities above 0.56 W cm-2 , indicating that the purely chemical component of the etching is very small and some degree of ion sputtering is necessary either to increase the desorption rate of the etch products or to provide the energy necessary to promote the surface reactions to completion.
B. Surface morphology
Smooth surface morphologies on GaAs were obtained for C 2 H 6 concentrations in the discharge ofless than 40% by volume. Figure 7 shows SEM micrographs from GaAs samples reactively ion etched under similar conditions (4 mTorr, 4 min, 20 seem, 0.85 W cm 2) except that the ratio of C 2 H/}:H2 was 2: 18 in one case, and 8: 12 in the other. Under the former conditions the etched surface is featureless and there is no evidence of polymer deposition either on the sidewalls or on the exposed surface. For the high ethane concentration condition the surface morphology in the field of view of the SEM is relatively rough. Once again there is disagreement 1n the literature about the plasma conditions under which the best morphologies are obtained for etching GaAs.
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In general we observed smooth surfaces for total pressures less than approximately 20 mTorr and for CzH", concentrations less than 40%, as described above. The most anisotropic etching was also obtained under these conditions, with vertical sidewalls. For higher pressures and larger ethane fractions the sidewalls showed increasing undercutting. Increasing the plasma power density also improved both the anisotropy and surface morphology when holding the other parameters constant, which again emphasizes the role ion bombardment plays in this etching chemistry.
In general we observed somewhat rougher surface morphologies on AIGaAs reiative to GaAs, with poorer morphologies for increasing AlAs mole fraction in the AIGaAs< The range of plasma conditions under which we observed smooth etching was more restricted with AIGaAs-power densities had to be at least 0.85 W em -2, total pressures less than approximately 15 mTorr, and C 2 H 6 concentrations less than 30% by volume in the discharge. Figure 8 shows SEM micrographs from A 1009 G3.o.91 As and Alo.04G3.o.36A8 samples after a 4-min RIB treatment in 2C 2 H 6 : 18H z plasma at 4 mTorr and a power density of 0.85 W cm-2 < Under these conditions the surface morphologies are quite smooth.
We also examined the microscopic smoothness of C2H6/H2 etched surfaces by cross-sectional TEM. Figure 9 shows TEM micrographs taken in either bright-field or 5013 J. weak-beam dark-field imagin.g conditions from a GaAs sample etched in a 2C z H 6 : 18H 2 , 4 mTon, 1.3 W em -2 discharge for 4 min. The sample has a smooth surface topography with a peak-to-valley hei.ght less than 20 A. Under these veryhigh-power conditions a band of subsurface dislocations approximately 40 A deep is observed. These are more clearly observed in the weak-beam dark-field image. We can contrast these results to those obtained for CCl 2 F 2 :0 2 RIE of GaAs, where under high-power density etching very rough surface topographies are observed (peak-to-valley heights -300 A).16 Subsurface bands of dislocations were also observed in these CCl z F z :0 2 etched samples. These were reduced in density, but are not totally eliminated even for annealing at 800 °C for 10 s,
c. Surface composition
The composition and chemical bonding in the near-surface region of the RIE treated samples were examined by AES and sman-area XPS. Figure 10 shows AES surface scans of a GaAs control sample, and samples etched for 4 min in C2H6/H2 under various conditions. Carbon, oxygen, and the lattice constituents are the only elements detected, and the main difference between the samples appears to be a depletion of As in those etched in the C 2 H(/H z discharge. This would be expected because of the high hydrogen concentration in the plasma which will remove both arsenic and AS 2 0 3 • Figure 11 shows AES depth profiles of C, 0, Ga, and As in these same samples. The As deficiency persists to a depth of -30 A in the etched GaAs, and there appears to be more oxide present on the surface. XPS survey spectra from the GaAs control sample, and a section of GaAs etched for 4 min in a 1.3 W em -2, 4 mTorr, 2C 2 H&:18H 2 discharge are shown in Fig. 12 . Based on this type of data the average elemental composition in the top 100 A. of each sample was estimated and is reported in Table I . The surface C concentration varied from 29 to 37 at. % which is within the range expected for atmospheric contamination. The oxygen concentration in the near-surface region is clearly higher on the etched samples, and this may be related to a higher chemical reactivity of these surfaces because ofthe ion bombardment occurring during the RIE treatment. While there may be a slight Ga deficiency in the etched samples due to more oxidation there is a clear reduction in the As content near the surface after RIE.
High-resolution XPS data were also obtained for C( Is) O(1s), Ga(3d), and As(3d) transitions. These data were curve-fitted to resolve the presence of multiple components. The resulting binding energies, probable assignments and atom percent compositions are presented in Table n species were present on the samples. These include C-O---C, C---O-H, o=C--·O-C, and O==C-O··-H which are detected on an samples, while on low-power density etched GaAs we also find small traces of the ketones C 3 =O and H 2 C=O. Most of the carbon on all samples is present as hydrocarbons (C-R where R = C or H), but ether/alcohol (C-R), and organic acid/ester (O=C = OR) species are also present. The oxygen is predominantly present as metal oxides although C=O species are also detected. The Ga and As are present in the form of GaAs and various oxides GaO x • As Z 0 3 • and AszOs). AES survey spectra from both etched and unetched Al o . z8 Gao 72 As and Al o . 41 Gao.59As samples are shown in Fig. 13 . There does not appear to be any more C and 0 present on the etched surfaces than on the controls, but the As is depleted in the former. The near-surface « 100 A) elemental compositions from all of the samples are given in All of these results point to a degree of As depletion after RIB in This is confined to the uppermost [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] A from the surface, as shown in the AES depth profiles of Fig. 14. It is important to note that there is no apparent Al enrichment in the etched AIGaAs. There is a somewhat thicker oxide on the AIGaAs after RIE relative to the un etched control. All of the samples were cleaned in NH 4 0H:H 2 0 immediately prior to their insertion in the reactor, and this removes the native oxide. The control samples were cleaned at this time also, and all of the samples were stored in a dry N2 ambient to minimize subsequent oxidation prior to surface analysis. This trend of a thicker oxide on the etched material holds also for pure AlAs, as evidenced by the XPS data in Tables I and II . The surface of the AlAs is very clean after the C2H6/H2 RIE treatment, as shown by the AES survey spectra in Fig. 15 . The As deficiency in this material occurs to a depth of -40 A as shown by the elemental AES depth proftIes in the same figure. The oxygen is present predominantly as A1 2 0 3 while the arsenic is oxidized as both AS 2 0 3 and As 2 0 s ' The high-resolution O( Is) data from the AlAs control sample and its reactively ion etched companion are shown in Fig. 16 . The peak positions of the two components are the same in both etched and unetched AlAs, and the spectra differ only slightly in the relative intensities.
IV. SUMMARY AND CONCLUSIONS
The main conclusions of this work may be summarized as follows:
( 1) The etch rates of GaAs and AIGaAs are constant with time in CZH6/H2' and are reduced for increasing Al content in the material. The maximum etch rates for both types of material occur at a concentration of25% by volume of C Z H 6 in the discharge. Some degree of ion bombardment appears to be necessary for efficient desorption of the etch products. (2) The etched surface morphology is smooth for C Z H 6 compositions of <40% for GuAs and 30% for AIGaAs. Subsurface dislocation loops at a depth of -40 A are observed for high power density etching of GaAs. (3) Both GaAs and AIGaAs show As deficiencies to a depth of 3D-AD A after C2H6/H2 RIB and there is little dependence of this depth on plasma power density. The preferentiulleaching-out of As from GaAs and AIGaAs in hydrogen-based plasmas is well documented.
